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Introduction
Heat transfer and dissipation is critical in ensuring a stable physical 1 , chemical 2 , or biological system 3 . Warm-blooded mammals, such as humans, consume a large part of energy for heat 4, 5 and maintain body temperature via balancing heat generation and dissipation 3, 6 . Heat imbalance may cause an abnormal body temperature and even result in an irreversible physiological injury 6, 7 . Cells, as the basic unit of life where most biochemical reactions occur, undergo continuous heat generation and dissipation 4, 8 . The process of heat transfer and dissipation within the intracellular environment related on not only the fundamental cellular reactions, 4 metabolisms 5 and functions 9 , but also several important applications including heat-induced control of gene expression 10 , cancer metabolism 11 and selective treatment of disease 12, 13 .
Unfortunately, the heat transfer and dissipation properties at the cellular or subcellular level are nearly entirely unknown. Thus far, we still do not know the basic physical parameters of heat transfer within cellular environment, like heat transfer coefficient; 3 and we also do not know if cells could tune their heat dissipation capability under different environmental temperatures, just like human body does.
Recently, the local temperature distribution within cells has been tentatively explored via several promising techniques [14] [15] [16] [17] , with either high sensitivity of 1-2 mK 14 at nanoscale or high temporal resolution of several milliseconds 18 . Compared to measuring temperature, which is a state variable, the measurement of heat dissipation at nanoscale remains much more challenging 19 , especially in a single cell. The main challenge is that measuring heat dissipation requires breaking the thermal equilibrium first, creating a heat transfer process at a subcellular level, and tracking the heat dissipation dynamics before the thermal equilibrium was rebuilt. During the measurement, the disturbance to the local thermal environment should be as low as possible to avoid the effects from temperature changes.
Here, we demonstrate a transient heat-transfer microscopy to map the heat transfer and dissipation properties within single cells by measuring the cooling time of a heated gold nanoparticle. The proposed method enabled visualizing heat dissipation within a single cell, with a temporal resolution of ~5 µs and a spatial resolution of ~250 nm (close to diffraction limit). The inner part of cells exhibited nonuniform heat transfer properties and a self-consistent heat transfer regulation that responds to environmental temperature. Based on these findings, we hypothesized that this cellular-level heat regulation existed in all homoeothermic animals and was an important part of body thermoregulation.
4
Results
Principle of transient heat-transfer microscopy. This transient heat-transfer microscopy is based on a time-correlated pump-probe principle and a wide-field imaging configuration (Fig. 1) . A 532 nm laser with 5-7 ns pulses that match the maximum plasmon absorption band of gold nanoparticles, was used as a pump beam to heat the gold nanoparticle to a "hot" state, and then a ~5 µs-width pulsed white light was used as a probe beam to follow the cooling process. The sequences of pump and probe pulses were synchronized with a variable delay Δt. At time t = 0, the gold nanoparticle was rapidly heated by the pump beam to a "hot state" in several nanoseconds [20] [21] [22] , and a localized temperature difference ΔT was generated, thereby causing a refractive index change Δn in surrounding medium and formed a localized photothermal "nanolens" [23] [24] [25] that could be optically detected. The cooling process of the "hot" gold nanoparticle could be profiled by detecting the scatting signal of the probe beam at different delays t = Δt. Based on Newton's law of cooling, the thermal time constant τ and heat transfer coefficient h m of the surrounding medium could be expressed by the following equations 26, 27 :
where Φ(t) is the detected optical signal at time t; A, B, and C are constants; Q is the pump energy; and ρ Au , c Au , V Au , and A s are the density, specific heat capacity, body volume, and surface area of gold nanoparticles, respectively. Heat transfer coefficients in liquids. We measured the heat transfer coefficient in a liquid medium with single gold nanoparticles to validate the principle experiment.
The detected signal Φ(t) was defined as a relative change in plasmonic scattering intensity: Φ(t) = (I Δt − I s )/I s , which originated from the refractive index change Δn caused by temperature change ΔT, where I Δt is the scattering intensity at t = Δt, and I s is the steady-state scattering intensity without a pump. Heat transfer in air was undetectable in the current system (Fig. 2a) because the Φ(t) generated in air was close to the detection limit (~±0.02) even with a strong pump. The Φ(t) was undetected in the water medium when the pump beam was switched off because no 6 "nanolens" effect was generated from surrounding nanoparticles without heating (Fig.   2b ). The cooling process of a single gold nanoparticle in water and glycerol was successfully tracked when the pump and probe beams were switched on (Fig. 2c) . The time profile indicated that the heat transfer coefficients for water and glycerol were 469±24 and 226±13 W•m −2 •K −1 , respectively. The influence of pump energy Q on Φ(t)
was also evaluated. The initial Φ(0) at Δt = 0 exhibited a linear correlation with the pump energy (Fig. 2d) , which matched well with our theory. The dependence of the measured h on the measurement conditions, including the pump energy, physical size, and surface chemistry of nanoparticles, were carefully investigated (Figs. 2e-g ). The
results showed that the final h did not depend on pump energy, particle size, or surface conjugation. These results were reasonable because heat transfer coefficient h is an instinct parameter of the medium that should not depend on measurement conditions. Fig. 2e demonstrates that an increase in pump energy induced a slight increase in h, especially at relatively high pump energy of 1.2 mJ. This condition could be attributed to the local temperature change in the surrounding medium under a high pump energy because h is a temperature-dependent parameter for most liquids 26 . In subsequent experiments, pump energy (<0.5 mJ) and temperature change on the sample (<0.1 K)
were carefully controlled to minimize thermal perturbation. Under these conditions, the localized temperature change around gold nanoparticles was <5 K, and the detection limit of our method was ~0.5 K in water and ~0.2 K in glycerol. 
